While the physiochemical effects of octahedral tilting and rotating distortions have been studied extensively, octahedral breathing distortion (OBD) at heterointerfaces has rarely been explored. Here, we investigated OBD in fully strained BaBiO 3 (BBO) epitaxial films by making a new type of oxide heterointerface with non-breathing BaCeO 3 epitaxial films. The integration of first-principles calculations with experimental observations of optical spectroscopy revealed that the oxygen displacement modes in BBO became disordered within six unit cells at the heterointerface and the surface. Controlling OBD in perovskite oxide thin films provides a means to exploit emerging material properties.
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Control of octahedral distortion in perovskite oxide heterostructures has attracted much attention as an emergent route to discover novel multifunctional materials. 1 Perovskite oxides (ABO 3 ; A = alkali metal, B = transition metal, O = oxygen) have a simple crystallographic structure with corner-sharing BO 6 octahedra surrounded by A-site ions. The octahedra are composed of central B-site transition metal cations coordinated by six oxygen ligands. [2] [3] [4] These materials have numerous functionalities, including superconductivity, magnetism, ferroelectricity, and multiferroics. [5] [6] [7] [8] Such diverse functionalities of these versatile materials arise from the number of occupied electrons in the B-site ions and structural variation of the BO 6 octahedra, such as size, shape, and connectivity. Recently, there have been extensive studies to control the octahedral connectivity in oxide thin films and heterostructures by epitaxial synthesis. [9] [10] [11] To date, most studies have focused on tilting and rotating of the octahedra via strain, interfacial control, and/or having a short-period superlattice. [12] [13] [14] [15] BaBiO 3 (BBO) is an intriguing material with characteristic octahedral distortion, namely, an alternating octahedral breathing distortion (OBD). A neutron diffraction study showed that there are two distinct sites for Bi ions. 16 As shown in Fig. 1(a) , two neighboring BO 6 octahedra have alternating OBD: one swelling and the other collapsing. This alternating size variation can be arranged in a three-dimensional (3D) checkerboard pattern without altering the cubic point symmetry, i.e., A 1g symmetry. In this 3D arrangement, we can view the OBD in terms of two distinguishable modes of oxygen motions. As schematically displayed in the top areas of Figs. 1(b) and 1(c) (i.e., away from the interface), there will be an oxygen up-down mode in the BaO layer and an oxygen expanding-shrinking mode in the BiO 2 layer, together comprising OBD.
The as alternative Bi 4+δ and Bi 4δ , forming a charge density wave (CDW). 17 It is widely accepted that the CDW induces a strong absorption peak around 2.0 eV in BBO, 18, 19 leading to the insulating property of BBO. In chemically doped BBO, the suppression of OBD and the associated CDW can induce an insulator-to-superconductor transition with critical temperature as high as 34 K. 18, [20] [21] [22] Likewise, OBD-induced properties also exist in other perovskite materials, including the metalinsulator transition of nickelates. 23, 24 However, the OBD in BBO raises fundamental questions for high-quality ultrathin film fabrication. Note that most commercially available oxide substrates do not have OBD. When we try to grow a BBO film on a substrate without OBD, there should exist a strong mismatch in atomic arrangements at the interface of the heterostructure. In most previous studies on perovskite oxide heterostructures, the size of the BO 6 units was treated as nearly rigid; thus, structural mismatch at the interface results in tilt and/or rotations of the BO 6 units. 2, 15 If the large and small sizes of the BiO 6 octahedra cannot be varied, the atomic arrangements of the BBO film is not readily compatible with those of the substrate. Such incompatibilities should be resolved to obtain high-quality BBO thin films. Therefore, it is scientifically and practically important to understand how the OBD of fully strained BBO film becomes relaxed near the heterointerface with non-breathing material (i.e., without OBD).
Here we grew BBO epitaxial films commensurately on non-breathing BaCeO 3 (BCO) layers using a pulsed laser deposition technique (see supplementary material, Figs. S1 and S2). The lattice constant of BCO (a = 4.397 Å in bulk) is similar to that of BBO (a = 4.371 Å), allowing us to grow a fully strained BBO film with a commensurate interface. 25 It should be noted that we used a BaZrO 3 (BZO) buffer layer to reduce the large lattice mismatch of 11.5% between the BCO layer and a SrTiO 3 (STO) substrate. Lee et al. 25 showed that the BZO buffer accommodates huge lattice mismatch with the lattice relaxation due to the formation of misfit dislocations at the interface, providing a proper sublayer to grow a BCO layer. Hydrofluoric acid-etched (001)-oriented STO substrates were put into a vacuum chamber (base pressure: 10 9 Torr; Pascal, Osaka, Japan) and pre-annealed at 950 • C for 30 min in a 5 × 10 6 -Torr oxygen environment. This process has been widely used to obtain a TiO 2 -terminated atomically flat step-terraced surface. 26 The oxygen partial pressure was then increased to 100 mTorr. We grew the BZO layer at 500 • C, the BCO layer at 750 • C, and finally the BBO layer at 500 • C. Each target was ablated by a KrF excimer laser (wavelength λ = 248 nm; Coherent, Santa Clara, CA, USA) at a laser fluence of 0.6 J/cm 2 . After growth, the crystal structure was characterized by high-resolution X-ray diffraction (XRD, λ = 1.540 Å; Bruker, Karlsruhe, Germany). Spectroscopic characterization was performed with a Raman microscope (Renishaw, New Mills, UK) and spectroscopic ellipsometer (Woollam, Lincoln, NE, USA) to investigate the phonon modes and electronic structure, respectively. We investigated the structural evolution of OBD by measuring the Raman response as a function of BBO thickness, as shown in Fig. 2(a) . It is known that the Raman peak of BBO arises from its A 1g symmetric breathing phonon mode, 27 which is characteristically activated at a Raman shift of 565 cm 1 . The Raman spectra of BBO were obtained using 633-nm-wavelength laser irradiation (∼1.96 eV) to maximize the Raman response via resonance with the strong absorption peak of BBO (∼2.0 eV). With the resonance beam, we could obtain a distinctive Raman response from the BBO film, even if the volume of the film is much smaller than that of the substrate. The Raman spectra from different samples were normalized with the intensity of the Raman response which comes from the phonon mode of the STO substrate. A strong Raman response at 565 cm 1 and its second harmonic at 1130 cm 1 were observed for the 20-u.c.-thick BBO sample. However, with a decrease in BBO film thickness, the Raman response at 565 cm 1 was gradually suppressed. Below 6 u.c., the Raman signature at 565 cm 1 vanished completely, resulting in a Raman spectrum similar to that of a BCO/BZO/STO sample. This result indicates that the A 1g symmetric phonon mode related to OBD should be suppressed at 6 u.c. Above this critical thickness, the OBD-related A 1g mode recovers in BBO, although BBO remained fully strained by the underlying BCO layer. If the reduced thickness is the origin of optical signal suppression, the intensity of the optical signal should be linearly proportional to the thickness. However, the trend of suppression is abrupt at a sudden thickness, independent of the linear thickness variation.
The evolution of the OBD-associated CDW feature was also observed in optical conductivity spectra σ 1 (ω), as shown in Fig. 2(b) . As mentioned earlier, the hybridization of the Bi-6s and O-2p orbitals, associated with OBD, results in a CDW. This CDW creates a density of states below and above the Fermi level of its electronic band structure, resulting in a strong absorption peak around 2.0 eV. 19, 28 Therefore, we investigated the CDW via direct optical transition measurements. As shown by the red line, the 20-u.c.-thick BBO film showed a significant peak at 2.05 eV. Interestingly, the peak gradually becomes weakened with a reduction in BBO film thickness.
The close relationship between suppression of the A 1g Raman mode and the CDW absorption peak was clearly displayed in Fig. 2(c) . The Raman intensities at 565 cm 1 , the characteristic Raman shift for OBD, are plotted as a function of BBO thickness in the upper section. Optical conductivities at 2.05 eV, the characteristic CDW feature, are plotted in the bottom section. These two plots clearly show similar discrete behaviors near 68 u.c., as indicated by the red-highlighted 
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APL Mater. 6, 016107 (2018) region. Above the boundary, bulk-like OBD and the associated CDW recover. However, the Raman response of the 6 u.c. sample was completely suppressed, while the σ 1 (ω) peak shows a small trace of spectral weight at 6 u.c. The difference between the Raman and σ 1 (ω) response may be due to anisotropic suppression of OBD. This possibility will be discussed later in more detail with theoretical calculations. Transmission electron microscopy (TEM) is the most promising technique for observation of octahedral distortion. 9, 12 However, TEM has serious limitations with regard to OBD investigations of BBO films. The crystal structure of BBO is fragile and easily destroyed by e-beam exposure, as shown in the supplementary material (Fig. S3) . Under high-energy e-beam irradiation, volatile Bi may evaporate, or the weak Bi-O bond may be susceptible to breakage. 29 To date, atomic-resolution TEM images of BBO have yet to be reported.
Instead of direct TEM studies, we performed first-principles calculations to examine the atomic arrangements of the BBO film on the non-breathing octahedral BCO layer. We used density functional theory (DFT) with the projector-augmented wave method, as implemented in the Vienna Ab Initio Simulation Package (VASP) code. 30, 31 The plane-wave energy cutoff was set at 600 eV, and an 8×8×1 k-point mesh was used for a
Here we will use the concept of oxygen displacement modes, which were already introduced earlier in Fig. 1(c) . As shown in the top-most panel of Fig. 1(c) , the oxygen ions move laterally (i.e., along [100] and [010]) in the bulk BiO 2 layer, resulting in an oxygen expanding-shrinking mode. The second top panel shows that the oxygen ions move vertically (i.e., along [001]) in the bulk BaO layer, resulting in an oxygen up-down mode. We determined the magnitude of oxygen displacement in each mode by comparing the atomic positions with those calculated for the 1 × 1 BBO slab, which does not have OBD due to the absence of neighboring octahedra. Figure 3 terms of distance from the heterointerface. It may be easier to look at the deviation of the oxygen positions according to those of the ideal breathing mode. Thus, we converted the magnitudes of oxygen displacement modes into deviation from the OBD (with cubic A 1g symmetry) and plotted them in Fig. 3(b) . As shown schematically in Fig. 3(c) , inside the BBO layer, there exist three distinct regions, which we refer to as interfacial, bulk-like, and surface regions. For example, consider the 10-u.c.-thick BBO film shown in Figs. 3(a) and 3(b) . In the first three unit cells of the interfacial region (gray-colored), the oxygen up-down mode in the BaO slab becomes strongly suppressed in the first unit cell but enlarged in the second unit cell. In the bulk-like region (without any background color), residing at 3-7.5 u.c., oxygen displacement modes are close to those of the ideal OBD, namely, alternative oxygen displacements in either the BaO or BiO 2 slab. In the surface region (blue-colored), the oxygen up-down modes are enlarged, and expanding-shrinking modes are inverted in sign at the top layer, resulting in a huge deviation from ideal OBD. Note that the detailed structural relaxation of the oxygen cages at the interfacial and surface regions is significantly different.
Our calculations show the occurrence of anisotropic OBD suppression in the BBO layer. In the interfacial region, the oxygen up-down mode is suppressed at the first unit cell. However, there is no discernable change in the oxygen expanding-shrinking mode in the BiO 2 slab at the first unit cell. Notably, our experimental ellipsometry studies are sensitive to in-plane optical absorption. The remaining oxygen expanding-shrinking mode can explain the incomplete suppression of the 2-eV peak at 6 u.c., as shown in Fig. 2(b) . In contrast, the Raman response should vanish immediately because anisotropic suppression of OBD breaks the A 1g symmetry completely. Note that the shape of octahedra in BBO cannot be arranged in the same geometry as that of non-breathing BCO. As a result, anisotropic distortion should occur in BBO due to different responses in each BaO layer and BiO 2 layer. Thus, a new type of octahedral distortion emerges at the heterointerface that is clearly different from OBD or the octahedra of BCO.
With a decrease in the BBO film thickness, the bulk-like region becomes monotonically smaller. However, the thicknesses of the interfacial and surface regions remain constant. Combining these two regions gives a correct critical thickness of OBD suppression of the BBO film. When the film was thinned below 6 u.c., most of the oxygen up-down modes deviated from those of the ideal breathing mode. In the 4 u.c. calculation results, displayed in Figs. 3(a) and 3(b) , all of the OBD signatures are broken. These theoretical predictions are consistent with our experimentally observed value of critical thickness. In most oxide heterostructures, the critical thickness usually originates from interfacial effects, such as strain, intermixing, and electrostatic screening. [32] [33] [34] However, in our case of OBD suppression, both interfacial and surface effects were attributed to the critical thickness.
Numerous phenomena in nature are accompanied by oxygen breathing modes. For example, the importance of the dynamic oxygen breathing phonon modes has been pointed out in numerous high-T c oxide superconductors, including cuprates [35] [36] [37] [38] and bismuthates. 39, 40 Static oxygen breathing distortions (i.e., OBD for the case of perovskite) are known to be concomitant with charge ordering. 41, 42 When OBD is combined with other octahedral distortions, it generates a new ground state, such as orbital ordering with emerged Jahn-Teller distortion 41 and ferromagnetism with combined charge ordering and antiferromagnetic ordering. 43 Furthermore, as OBD in [111]-oriented bilayer perovskite can break the inversion symmetry, the emergence/suppression of new topological properties has been predicted. 44 To investigate such phenomena in perovskite oxide heterostructures, we should be aware of OBD suppression and relaxation at the interfaces. Furthermore, for the case where OBD suppression is required, we can archive the purpose via heterostructure engineering with the commensurate non-breathing sublayer.
In summary, we investigated OBD of fully strained BBO film responses at the heterointerface with a non-breathing layer. We observed that the OBD of BBO becomes suppressed at the commensurate heterointerface. A systematic method was established to interpret the OBD in terms of oxygen updown and expanding-shrinking modes. We found that the OBD suppression is anisotropic due to the different responses of these two oxygen modes. This suppression occurs at both the heterointerface and the surface, resulting in a critical thickness value of 6 u.c.
